On the relationship between the water mass pathways and mesoscale variability in the Western Mediterranean Sea by Demirov, E. K. & Pinardi, N.
JOURNAL OF GEOPHYSICAL RESEARCH, VOL. ???, XXXX, DOI:10.1029/,
On the relationship between the water mass
pathways and mesoscale variability in the Western
Mediterranean Sea
E.K. Demirov
Department of Physics and Physical Oceanography, Memorial University of
Newfoundland, St. John’s, NL, Canada
N. Pinardi
Bologna University, Corso di Scienze Ambientali, Ravenna, Italy
Istituto Nazionale di Geofisica e Vulcanologia, Bologna, Italy
E. K. Demirov, Department of Physics and Physical Oceanography, Memorial University of
Newfoundland, St. John’s, NL, A1B 3X7, Canada (entcho@physics.mun.ca)
D R A F T August 13, 2004, 3:51pm D R A F T
X - 2 DEMIROV AND PINARDI: ON THE WATER MASS PATHWAYS IN THE WMED
Abstract.
The role of mesoscales on the formation and spreading of water masses in
the Western Mediterranean Sea (WMED) is studied with an ocean general
circulation model. It is found that the model reproduces the major features
of the observed mesoscale variability during the preconditioning of the deep
convection in the Gulf of Lions, mixing and spreading of deep and interme-
diate waters and also the large mesoscale eddiess evolution in the Algerian
Basin.
The instability of the transition zone between old and newly formed deep
waters, which takes place after the violent mixing stages of the deep convec-
tion, leads to collapse of the mixed patch and formation of mesoscale eddies.
Some of these eddies propagate out of the Gulf of Lions transporting deep
waters into the Algerian Basin. The rest of the mesoscale eddies filled with
newly formed deep waters remain in the Gulf of Lions, and tend to merge,
enlarge and reorganize in an area with two or three large cyclonic eddies.
After the cyclonic eddies reach the Algerian Basin they interact with the
intense mesoscale field existing there. The model data together with the avail-
able satellite SLA data reveal a regular westward propagation of mesoscale
eddies in the Northern Algerian Basin. This transport together with south-
ward propagation of mesoscale eddies out of the Gulf of Lions is suggesting
that the intermediate and deep waters of the WMED are transported west-
ward by mesoscale eddies. Equivalently we can argue the intermediate and
deep waters conveyor belt of the WMED is eddy driven.
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1. Introduction
The processes of the water mass formation and transport in the Western Mediterranean
Sea (WMED) were intensively studied during the recent two decades. A comprehensive
review of this work is given in Millot (1987, 1994, 1999), where the circulation features
of the WMED and their role on the water mass transport are discussed mainly from an
observational point of view. At the same time the available data are rather sparse in time
and space and some important questions about the water mass transport in the WMED
remain still open. In particular, it is well known that the Mediterranean outflow to the
North Atlantic involves waters, which are formed by the deep convection in the Gulf of
Lions (Kinder and Parilla, 1987). However, their pathway from the north-west WMED to
the Strait of Gibraltar is still not well studied (see Schott et al., 1996 for more discussions).
The spreading of the water masses in the Mediterranean Sea (MED), depends in a
complex way upon the variability of the circulation in the basin. The physical processes,
which determine the transport and transformation of the water masses are related to
three different and interactive scales of the circulation in the MED (see Robinson and
Golnaraghi, 1994), which are the basin scale, sub-basin scale and mesoscale. The basin
scale circulation of the MED, which is shown on Fig. 1, is composed of one zonal ther-
mohaline cell in the whole basin and two meridional thermohaline cells in the Western
Mediterranean (WMED) and the Eastern Mediterranean (EMED) respectively. The zonal
cell is formed by the surface eastward flow of the Modified Atlantic Waters (MAW) and
a westward transport at intermediate depths of waters which form in the EMED - Levan-
tine Intermediate Waters (LIW). The western meridional cell is driven by the processes
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of deep convection in the Gulf of Lions. In the EMED the Eastern Mediterranean Deep
Waters (EMDW) form in the Adriatic Sea and then propagate through the Otranto Strait
towards the Ionian Sea. Recently the EMED meridional cell received a contribution from
the Aegean Sea deep waters, also called the Eastern Mediterranean Transient (Roether et
al., 1996).
The sub-basin scale circulation of the MED is composed of boundary currents, open
ocean jets and gyres. A major sub-basin scale boundary current in the WMED is the
eastward Algerian Current (AC) along the African Coast. This current reveals a relatively
intense mesoscale variability (see Ayoub et al., 1998; Fuda et al., 2000; Millot and Taupier-
Letage, 2003). A major sub-basin scale gyre is the Gulf of Lions cyclonic gyre in the
northern part of the basin. The latter is composed in its northern part of the Ligurian-
Provencal current (LPC) along the coastal shelf break of the Ligurian-Provencal basin
and the Catalan Sea (Millot, 1999). In the south, the Gulf of Lions gyre is delimited by
the Balearic current which hugs the northern side of the Balearic Islands (Pinot et al.,
2002). Eastward of the Balearic islands the current limiting the gyre has not been well
defined in the literature except for the West Corsica Current (Millot, 1999) that closes the
gyre in its eastern side. It is worth mentioning that also the western border of the gyre is
not well defined probably because the mesoscale variability is very intense and makes it
difficult to recognize a true western border.
In this paper we study the impact of the mesoscale variability on the processes of forma-
tion and propagation WMED water masses by using an ocean general circulation model.
Four WMED water masses will be of particular interest in our study - the MAW, the Modi-
fied Levantine Intermediate Water (MLIW), the Winter Intermediate Water (WIW), and
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the Western Mediterranean Deep Water (WMDW). The surface characteristics in the
basin are strongly influenced by the MAW, which originates from the Atlantic waters
inflow through the Gibraltar Strait and propagate eastward along the African coast. The
MAW occupies usually the upper 100 m layer and is characterized by salinity in the range
from 36.5 psu at Gibraltar and 38 - 38.3 psu in the northern WMED, and by tempera-
tures below the mixed layer of about 14 - 15oC (Millot, 1999). The LIW enter the WMED
through the Sicily Strait, where it has salinity of about 38.7 psu and temperature max-
ima higher than 14oC. In the WMED these waters, which will be referred hereafter as
the Modified Levantine Intermediate Waters (MLIW), propagate at intermediate layers,
and transform due the processes of vertical and horizontal mixing. The MLIW follow a
counter clockwise circuit in the Tyrrhenian Sea and through the Sardinia channel enter
the Ligurian-Provencal Basin.
The WIW and the WMDW form during the winter convection in the northern WMED.
The WIW, which has an important impact on the variability of the WMED (Millot,
1999), is defined by Salat and Font (1987) as waters with temperature between 12.5 and
13oC and salinity 38.1-38.3 psu. The WIW is thought to be formed on the continental
shelf and propagate in the whole basin below the MAW (see Lopez-Jurdano et al., 1995;
Pinot et al., 1995). The WMDW formation in the Gulf of Lions was observed by the
MEDOC experiment (MEDOC group, 1970) in early 1969. Since that time several more
observational studies reported deep waters formation in the region 3o30′E < λ < 6oE;
41oN < φ < 43oN, which now is commonly referenced as the MEDOC area (see Gascard,
1978). The deep convection there may reach great depths due to strong winter heat losses
and specific local oceanographic factors which destabilize the water column.
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The surface forcing favorable for the WMDW formation in the Gulf of Lions appear
usually under the conditions of strong and relatively cold and dry surface Mistral winds.
The MEDOC group (1970) has determined three phases of the deep convection processes:
preconditioning, violent mixing and sinking and spreading. The first phase, precondition-
ing, is related to the intensification of the cyclonic LPC in the Gulf of Lions and may be
all the current encircling the cyclonic gyre. The modifications produced by the intensified
cyclonic flow in the MEDOC region include changes in the structure of the water masses,
which are favorable for the next violent mixing phase of the deep convection. The results
of Swallow and Caston (1973) demonstrated that the cyclonic intensification during the
preconditioning phase is strongest over the local topographic feature of the Rhone fan (see
Fig. 2) where an intense mesoscale cyclonic vortex forms. The theoretical considerations
of Hogg (1973) suggest that the topographic effects of the Rhone fan on the flow under
the conditions of relatively weak vertical stratification during the preconditioning phase
may imply the formation of a baroclinic Taylor column, and closed streamlines around
the topographic feature. Madec et al. (1996) confirmed the importance of the topography
effects in the region around the Rhone fan using a 3-D general circulation model.
The MEDOC group (1970) observational study demonstrated that the strong surface
forcing due to the Mistral winds during the second phase - violent mixing is able to
mix the water column down to 2000 m depths for a period of time of the order of one
day. Precise observations of deep convection in this area with moored Acoustic Doppler
Current Profilers (ADCP) were made in 1987 by Schott and Leaman (1991). At the
moored point vertically coherent downward flows were observed. The velocity reached
maximum of about 13 cm/sec for short periods of time of about 1 - 2 hours, which was
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found to be caused by vertical plumes of about 1 km diameter passing the area of the
Eulerian measurements. The ensemble effect of the plumes on the vertical stratification
produces a well mixed area, which is usually called ”mixed patch”, with relatively large
horizontal extension of about 50 - 100 km diameter (see Leaman and Schott, 1991). Once
the deep convection has started, it modifies the flow in the area. Considerations of angular
momentum conservation (see Marshall and Schott, 1999) suggest that in a deep convection
area the circulation is cyclonic in the surface layers and anticyclonic in the deep layers.
Such a structure is observed for instance in the Greenland Sea (see Schott et al., 1993).
This is also supported by the numerical simulations of Madec et al., 1991 in the Gulf of
Lions. However, the observations in the MEDOC area (Schott and Leaman, 1991; and
Schott et al., 1996) do no show a preferred sense of rotation of the circulation at different
vertical levels during the winter deep convection in this region.
During the third phase of the deep convection - sinking and spreading, the important
structure is the rim current which forms around the mixed patch. The latter is baroclin-
ically unstable. Both models (Jones and Marshall, 1993; Madec et al, 1991, 1996) and
observations (Gascard, 1978) suggest that the mesoscale eddies generated by the baro-
clinic instability may play an important role on the mixing between the area of deep
convection and the stratified waters outside the convective region. In the WMED the
study of the mesoscale activity related to the deep convection is additionally complicated
due to the existence of mesoscale eddies which are not related to the instability of the
narrow frontal zone surrounding the convective region.
The Algerian Basin (see Fig. 2) is the region where the WMDW outflow can occur after
the convection processes. This implies a meridional circulation of the WMDW, as depicted
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by the schematic of Fig. 1 and an interaction with the AC and its eddies. According to
Fuda et al.(2000) ”the Algerian current generally appears as a series of eddies, mainly
anticyclonic a few 10 of km in diameter, propagating downstream at 3-5 km/day”. Millot
et al. (1997) defines two kinds of mesoscale eddies of the Algerian Current. Most of the
Algerian eddies are relatively small, with few tens of kilometers horizontal extension, and
shallow, only in the surface 200 m layer. Following Fuda et al. (2000) we will refer them
as serial or surface eddies. They have a strong signal only in the velocity field of the
surface MAW. The second kind of Algerian eddies called events (Fuda et al., 2000) are
deep and induce strong currents at all depths. In the coastal area of Algerian Basin, events
often have a complicated vertical structure and 100 - 200 km horizontal size (Fuda et al.,
2000).Near the African coast, the events tend to propagate eastward, and approaching
the Sardinian channel they turn northward (Millot, 1985, Vignudelli, 1997). Then they
move back westward in to the deep part of the basin (Benzohra and Millot, 1995; Millot
et al., 1997). The propagation of these events along this cyclonic circuit may last as long
as 3 years (Puillat et al., 2002).
In earlier works, Wust (1961) and Ovchinnikov (1966) found that the MLIW is trans-
ported at intermediate layers westward in the Algerian Basin by a current opposite to the
surface AC. Some model results (see Wu and Haines, 1996; Korres et al., 2000) support
the presence of this two- layered structure of the flow in the Algerian basin formed by
the surface AC and the intermediate depth opposite flow, which logically obtained the
name of Algerian Counter Current (ACC). The model simulations of Korres et al. (2000)
showed also that the MLIW vein branches northward along the western coasts of Sar-
dinia and Corsica (see Figs. 9a, 9b of Korres et al., 2000). We will refer to this MLIW
D R A F T August 13, 2004, 3:51pm D R A F T
DEMIROV AND PINARDI: ON THE WATER MASS PATHWAYS IN THE WMED X - 9
intensified current as the Western Sardinia Branch of MLIW. According to the results of
Korres et al. (2000) the two branches of the MLIW transport, the ACC and the Western
Sardinia branch, have intensity which varies interannually and in some years one of them
may be not present. The relatively strong mesoscale variability which according to the
data (see Millot, 1999) are permanently present in the whole Algerian-Provencal Basin
makes processes of water masses propagation by the sub-basin scale currents and gyres
complex and highly variable in space and time. According to the results of these authors
the ACC is not observed in the data at intermediate layers and they suggest that the
MLIW is transported out of the Sardinia Channel mostly along the Western Sardinia
Branch. However, recent observations suggest (see Millot and Taupier-Letage, 2003) also
that MLIW may be transported westward trapped by the mesoscale anticyclonic eddies.
Thus at first sight, observations and model simulations seem to contradict each other and
observations are not conclusive. In addition the basic question of how does WMDW and
MLIW propagate towards Gibraltar remains unanswered.
In our study we address two major problems - the first one is how the model simulation
represent the variability of deep and intermediate waters formation known from obser-
vational studies, and the second one is what is the impact of the mesoscale variability
on the deep and intermediate water mass pathways and the relationship with the basin
scale zonal and meridional circulation shown in Fig. 1. We study the processes of wa-
ter masses formation and spreading in the WMED by using an ocean general circulation
model (OGCM), which is set up for the whole Mediterranean Sea and is forced by in-
terannually variable surface momentum and heat fluxes (see section 2). In section 3 we
compare the model results and available data about the deep convection in the Gulf of Li-
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ons and post-convective water masses propagation. In section 4 we discuss the mesoscale
variability in the WMED as simulated by the model and it correspondence to the data.
In the section 5 the major conclusions from our model simulations about the impact of
the mesoscale variability on the water masses formation and transport are present.
2. The model
The model used is the Modular Ocean Model (MOM), with horizontal resolution of 1/8o
x 1/8o and 31 vertical levels. The model set up, which is described in details in Demirov
and Pinardi (2002) and is based on the previous works of Roussenov et al. (1995) and
Korres et al.(2000).
The surface forcing is computed in an interactive way with 6 hourly ECMWF (European
Center for Medium Range Weather Forecast) atmospheric reanalysis and analysis fields
and Sea Surface Temperature (SST) from the model (see Castellari et al., 1998, 2000).
The ECMWF reanalysis is used for 1993 and ECMWF analysis for the period 1994 - 2000.
The model is initialized by a perpetual year run January 1, 1979.
In this paper we present results from the model simulations for the years 1987, 1992,
1997, 1998 and 1999. The model results for the period 1979-1993 are described in a
previous study of Demirov and Pinardi (2002). It was shown in particular that there was
a strong transition in the circulation in WMED and EMED in the end of the 1980s and
beginning of the 1990s. We use the same model simulations in our present study of the
WMED for the years 1987 and 1992, when the transition still had a strong signal in the
solution. In the same time the analysis of Demirov and Pinardi (2002) showed that due
to the relatively long period of simulations the water properties in the intermediate and
deep layers revealed relatively large drift in the end of the period. In order to diminish
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the effect of the model drift on the results for the end of the 1990s a second simulation
was produced, which was initialized again on January 1, 1993 from a perpetual year run.
The results from this second model run is used in our study for the years 1997, 1998, and
1999.
3. Deep convection in the Gulf of Lions: a model study for the 1987, 1992
and 1999 events
The intensity of the processes of deep water formation in the Gulf of Lions, evaluated
both from model and observations, reveal a relatively strong interannual variability which
depends on the surface forcing. During the year 1987, which is one of the coldest years in
the period of our study, observations showed that the deep convection reached the bottom
(see Schott and Leaman, 1991). In 1992 instead it was observed only down to the depth of
about 1800 m (Schott et all, 1996). Here we make use of the well documented observational
studies of these two deep convection events by Schott and Leaman (1991), Leaman and
Schott (1991) and Schott et al. (1996) to verify our model solution. In addition we discuss
the case of the 1999 deep convection event in the Gulf of Lions. The model simulations for
the three years (1987, 1992 and 1999) discussed below are different in terms of intensity of
both surface forcing and deep convection. At the same time they reveal some important
similarities, which however cannot be studied by using in situ data only due to the data
scarcity in time and space. In the following section we demonstrate that the common
features we find in the simulations for the three years, and which we relate to the sinking
and spreading of the WMED water masses formed during the winter convection in the
MEDOC area, have a strong signal also in the satellite altimeter observations for 1999.
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The data (Leaman and Schott, 1991) and our model simulations for the winter of 1987
suggest that violent mixing phase of the deep convection occurred in the Gulf of Lions
already in late January 1987. Thus we discuss the preconditioning phase for the beginning
of January 1987 when model solution for the density field (Fig. 3) still does not indicate
presence of deep convection. In Figs. 4 and 5 are shown velocity and density fields for the
same depths and period, i.e. 1-3 January, but for years 1992 and 1999 respectively. The
circulation in the surface and intermediate layers over the shelf slope of the Gulf of Lions,
is dominated by the LPC during the three years, 1987, 1992, and 1999 (see Figs. 3a,b,
4a,b, and 5a,b). A local intensification of the cyclonic flow is observed in the area over
the Rhone fan, where a cyclonic vortex (C1) forms during the preconditioning phase. It
is the strongest in 1992 (Fig. 4a) and relatively weak in 1987 (Fig. 3a). In 1999 (Fig. 5a)
the center of it shifted eastward by about 50 km with respect to the two other years. For
all three years the vortex C1 is hardly seen below 1000m (see Figs. 3c,d, 4c,d, and 5c,d).
Previous studies noticed that the presence of mesoscale vortices in the surface layer which
is exposed to the surface cooling has an important impact for the deep convection. Legg
and McWilliams (2001) in particular demonstrated, that even in the case of horizontally
homogeneous surface forcing the deep convection area tends to localize in areas with
relatively small horizontal extensions the central part of the mesoscale vortices. In the
case of the MEDOC area the presence of the cyclonic vortex C1 is an essential component
of the preconditioning, which determines the location of deep convection. It modifies the
density field, producing a relatively strong uplifting of the isopycnal surfaces during the
three years in the upper 1000 m in its central part (see Figs 3a,b,c, 4a,b,c and 5a,b,c). The
preconditioning of the water column and the strong Mistral winds in the area of vortex
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C1, which is very close to the Rhone valley, makes the conditions there most favorable for
the violent mixing phase of the deep convection.
Beyond the vortex over the Rhone fan, several more intensive mesoscale eddies, which
from by the instability of the cyclonic LPC in the Gulf of Lions are observed in the
model simulations for the three years. In opposite to the vortex C1, these eddies are well
developed also at intermediate and deep layers (see Figs. 3b,c,d, 4b,c,d and 5b,c,d). Even
though they have variable size and positions, some of them show strong relation to the
topography features and old (or formed previous years) deep waters density structure and
thus have a quasi-permanent character.
The velocity distributions in the deep layers during the preconditioning phase of the
deep convection events in 1987 (Fig. 3c,d), and 1992 (Figs. 4c,d) indicate existence of a
cyclonic current along the topography isobaths similar to the LPC in the surface layer.
Following the topography in the area this current is shifted offshore with the respect to
the LPC and around the Rhone fan this flow forms an anticyclonic meander or eddy A1,
which is present at intermediate and deep layers during the 1987 (Figs. 3c, 3d), and the
1992 (Figs. 4c, 4d) cases. The model results suggest that the A1 eddy reveals a strong
interannual variability being relatively strong in the whole water column in 1987 (Fig 3),
weaker in 1992 (Figs. 4c,d), and not present in 1999.(Figs. 5c,d).
The density distribution during the preconditioning phase reveals some differences in
the surface and deep layers. In the surface and intermediate layers the density gradients
during the three years are strongest in the area of the Balearic front (Figs. 3a,b, 4a,b,
5a,b). At depth 2000 m the area along the south-western boundary of the old WMDW
in the MEDOC area is the zone of highest horizontal density gradients instead. The
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circulation inside the area of old WMDW bounded by this front is dominated by deep
cyclonic eddies (Figs 3c,d, 4c,d, 5c,d) , which have a relatively weak signal at the surface
(Figs. 3a,b, 4a,b, 5a,b). In 1987 and 1992 two cyclonic eddies C2 and C3 (see Figs. 3c,d
and 4c,d) north-eastern and south-eastern of the A1 eddy are present. In 1999 (Figs. 5c,d)
only one deep eddy C2 is present in the are occupied by the old WMDW. We will refer
these cyclonic eddies hereafter as the deep cyclonic eddies of the MEDOC area stressing
that they are present mainly at intermediate and deep layers.
Beyond the eddies A1, C1, C2, and C3, which tend to persist near the features of to the
local topography features and old WMDW density structure in the Gulf of Lions, there
also number of energetic mesoscale eddies formed by the baroclinic instability of the sub-
basin scale LPC circulation. They reveal a strong variability in terms of their position
and intensity. They may play important role in the deep water spreading discussed later.
A vertical meridional section of the model density distribution along the 5oE is shown
on Fig. 6 for the violent mixing phase of the deep convection events in 1987, 1992, and
1999. The density distribution suggests that the whole water column is homogenized in
the area of the mixed patch in 1987 (see Fig. 6a) and in 1999 (Fig. 6c), while in 1992
(see Fig. 6b) the vertical mixing reaches maximum depths of about 900 m. These model
results corresponds well to the observations of Leaman and Schott (1991) for 1987 but
underestimate the depth of the deep convection in 1992, which was observed down to
depths of about 1800m (see Schott et al, 1996). The position of the deep convection in
the three cases is concomitant with the position of cyclonic vortex C1 over the Rhone
fan. This suggests that the position of the deep convection depends on the position of the
mesoscale vortex formed during the preconditioning phase. The maximum depth of the
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convection however is related more to the intensity of the surface cooling than to that of
the intensity of the vortex C1. For the three years of consideration the cyclonic vortex
was stronger in 1992, but the surface cooling and deep convection is more intense in 1987
and 1999. In situ observations for 1999 are not available and the model result for this
year is difficult to verify.
Previous study of Legg and McWilliams (2001) demonstrated that the homogenization
of the column by the convection, which diminishes the Rossby radius of deformation, favors
baroclinic instability of the flow. The energy in the newly formed eddies which are weakly
stratified is easily converted into barotropic kinetic energy (Smith and Vallis, 2001). Thus
during the first days after the deep convection period the thermohaline stratification is
favorable for the formation of relatively small scale barotropic eddies, which is represented
also by the model. With the start of the surface waters restratification in the beginning
of the spring, the Rossby radius of deformation tends to increase and eddies formed by
the instability of the circulation in the mixed patch tend to merge and enlarge.
In March, during the years with deep convection (see Figs. 7a, and 9a) the circulation
in the Gulf of Lions is dominated by a cyclonic rim current, which runs around the
mixed patch, and along the zone of the highest horizontal density gradients at surface
and intermediate layers. This zone is commonly referenced also as transition zone (Testor
and Gascard, 2003). The rim current is very weak and almost not present during the year
1992 when the intensity of the vertical convection is relatively weak (Fig. 8a). The surface
density and velocity fields evolution during the consequent months (Figs. 7b-7f, 8b-8f,
9b-9f) reveal two major tendencies: a) overall decrease of the rim current and weaken of
the horizontal density anomalies in the MEDOC area due to the surface heating; and b)
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intensified intrusions of MAW from the Algerian Basin along the Western Corsica coasts
and intensified the Balearic front. These tendencies lead to the intensification of the
circulation along Balearic front and of the Western Corsica Current. Here the surface
layer mesoscale variability is also the strongest one, while the mesoscale variability inside
the MEDOC area instead is relatively weak and presumably related to the eddies, which
are very energetic at intermediate and deep layers in this area, as discussed later.
The rim current is the dominant circulation feature in the intermediate layer during the
months March - May after the deep convection event (see Figs. 10a,b,c and Figs. 12a,b,c).
Even though the instability of the cyclonic rim current and mesoscale eddies produce
lateral outflow, the area of the newly formed dense intermediate waters remain compact
until June of years 1987 and 1999. Thus the mixed patch at intermediate layers tend to
persist in the model solution until early summer. Another important feature during this
period of time is the cyclonic mesoscale eddy (C4), which is present eastern of the Balearic
Island. In 1999 this eddy existed already in March (Fig. 12a), while in 1987 this eddy
forms in April (Fig. 10c). In both years, 1987 and 1999, the mixed patch collapses in July
and splits in several smaller eddies. In following months the eddies which are close to C4
tend interact and merge with it. As a result a new intensive C4 eddy forms at the southern
edge of the MEDOC area, which in October (Figs. 12e,f and 14 e,f), tends to propagate
southward in to the Algerian Basin (see also section 5). The eddies which form after
the collapse of the mixed patch in its northeastern part tend to merge and enlarge, and
thus organizing into a new area with cyclonic but weaker circulation. In 1992 (Fig. 11),
when the winter convection is relatively weak and newly formed intermediate waters are of
relatively small amount, the above described features of density and velocity distributions
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are not well represented. During this year the area of newly formed intermediate waters
split in two smaller areas already in April and then slowly dissipate due to the lateral
turbulent exchange.
The circulation in the deep layers in March of 1987 and 1999 (Figs 13a, 15a) indicate
presence of the south-eastern part rim current. Its position corresponds well to the tran-
sition zone in the intermediate layer. This current is less stable than in the intermediate
layers and already in April, May (Figs 13b,c, and 15b,c) two intense mesoscale eddies
form in the area of newly formed waters at the position close to that of eddies C2 and
C3 observed during the preconditioning phase. These two eddies dissipate together with
the collapse of the mixed patch in July (Figs. 13d, 15d) and the newly formed deep wa-
ters partly mixes with the surrounding waters and partly remain captured by the newly
formed smaller eddies. One of these eddies is the C4, which then propagate southward,
bringing the WMDW towards the Algerian Basin.
Concluding this section we would like shortly to mention the presence of intensive
anticyclonic eddy in the central part of the MEDOC area. In 1992 it forms by meandering
of the flow northern of the Balearic Islands and then it is observed several months in the
whole column (Figs, 8, 11, 14). During the years 1987 and 1999 after the deep convection
events, similar anticyclonic eddy forms by instability of the rim current and thus it is
observed predominantly at intermediate and deep layers and until the collapse of the mixed
patch. An anticyclonic eddy (commonly called WEDDY) with highly variable intensity is
observed in this area also from observations (Fuda et al., 2000). The important questions
about its mechanism of formation, role for the instability of rim current and water masses
transport and mixing however remain beyond the scopes of present study.
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4. Simulated mesoscale variability in the Algerian Basin
Figs. 16, 17 show the model results for salinity and velocity fields in the Algerian Basin
for four different months in 1997 and 1998, which coincide with the periods of observational
studies conducted as part of the ELISA-4 experiment in the Algerian Basin (see Millot
and Taupier-Letage, 2003). We discuss here the representation by the model of the large
mesoscale eddies or events in the Algerian Basin, and compare the numerical results with
the available observations from the ELISA-4 experiment. In the model solution the eddies
of the AC are predominantly anticyclonic. During this time period two of the eddies are
relatively persistent and following Millot and Taupier-Letage (2003) they will be refereed
here as eddy 96.1 and eddy 97.1.
Fig. 16 show the salinity and velocity field in the surface layer averaged over four 3 days
periods of time. During the first period, 27-30 July, 1997, (see Fig. 16a) we recognize
in the model the main anticyclonic eddies observed by Millot and Taupier-Letage (2003).
The eddy 97.1 in the model is at positions very close to that found from observations,
which is southern of Balearic Islands. Millot and Taupier-Letage (2003) observed that
during July, 1997 the eddies 96.1 and 96.2 interacted forming a single ’elliptic structure’
western of Sardenia. In the model solution this structure is somehow shifted eastward with
respect to the observations and is seen at surface and intermediate layers (see Figs. 16,
17). During 1998 three anticyclonic eddies dominate the structure of the velocity field in
the Algerian Basin. Two of them are persistent and are present during the whole period
- the eddies 96.1 and 97.1. A third anticyclonic eddy is observed in the northern part of
the Algerian Basin during the whole 1998.
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Comparing the surface fields (Figs. 16) with that at intermediate layers (Figs. 17)
one can remark that the anticyclonic eddies in the western part of the Algerian Basin
are surface intensified and there they are relatively weak at intermediate layers. Moving
eastward these eddies intensify also at intermediate layers. The strongest eddy induced
currents at intermediate layers are observed in the anticyclonic eddies near the western
coast of Sardinia. This intensification of intermediate circulation is concomitant with the
process of trapping by the eddies of MLIW, which enter the Algerian Basin through the
Sardinia Channel (see Fig. 17). Northern and along the Sardinia coast the anticyclonic
eddies are strong at intermediate layers and weaker at the surface. The eddy which is in the
northern part of the Algerian Basin in 1998 gradually weakens at the surface and intensifies
at intermediate layers from month March to June. Thus the surface intensification of the
anticyclonic eddies in the western part of the Algerian Basin, is presumably related to
the processes of baroclinic instability of the Algerian Current in the surface 150 - 200 m
layer. The intensification at intermediate layers occurs instead, which occurs in the eastern
part of the basin, reveal relation to the instability of the MLIW flow along the Western
Sardinia plane and intermediate waters of the Algerian Basin. These two mechanisms may
be considered as responsible for the long term persistence of intense anticyclonic eddies
in the region.
5. On the eddy induced transport in the Algerian and Provencal Basins
In the previous sections we have discussed two different aspects of the eddy variability
and transport in the WMED. The first one is related to the deep water formation in the
MEDOC area and spreading of the WIW and MWDW, and the second one is related
to the mesoscale variability in the Algerian Basin. These two problems, which are com-
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monly studied separately reveal many similarities and interconnections. In particular, the
variability of the two areas - the northern WMED and the Algerian Basin are strongly
influenced by the mesoscale eddies, which have a strong impact on the circulation and
the transport of the water masses in the two basins and between them. In this aspect the
pathways of the MLIW in the Algerian Basin have received much attention and discus-
sions in the literature about the WMED during the recent years (for review see Fonda et
al., 2000; Millot and Taupier-Letage, 2003).
In some previous model and data studies, Wust (1961), Ovchinnikov (1966), Wu and
Haines (1995), Korres et al. (2000) suggested that the MLIW are transported westward
in the Algerian basin by the ACC, which may be present in the WMED with different
intensity during the years. These results were based on model simulations with rather
coarse resolutions, which were not able to represent the mesoscale features discussed in
section 4. Recent observational studies (see Fonda et al., 2000) suggest that the ACC
is not observed in the high resolution and eddy resolving data. Our model results (see
section 5) indicate that the mesoscale eddies are the most energetic and dominant features
at the intermediate layers of the Algerian Basin. Thus the long term water mass pathways
depend strongly on the eddies propagation in the region, and especially on the existence
of persistent paths of propagation of the mesoscale features.
In this section we address the important question about the mesoscale eddies paths in
the Algerian Provencal Basin. Some aspects of this problem were shortly discussed in
the previous publication of Demirov and Pinardi (2002) who computed the several years
mean flow field in the WMED by using the model simulations described in section 2.
The long term averaging, which was applied in order to compute the several year mean
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flow, filters out almost completely the dominant and energetic mesoscale variability in
the Algerian Basin and the resulted field represent just the mean long term tendency for
the propagation of the water masses, or with other words - their major long term water
masses pathways. Even though the model solution snapshots at intermediate layers (see
for instance Figs. 16a,b) never show permanent westward-flowing vein of MLIW in the
Algerian Basin the several years mean flow field of the WMED reveals at intermediate
depths (see Figs. 16c,d from Demirov and Pinardi, 2002) two major long term paths
of the MLIW propagation - one westward along the African coast and the second one
- northward along the western Sardinia coast. In other words the long term mean flow
computed after filtering the mesoscale variability is fairly similar to the results of Korres
et al. (2000), obtained with coarse resolution and not eddy permitting model. This result
is also confirmed indirectly by some observations (see Millot and Taupier-Letage, 2003)
which demonstrated that eddies propagating westward along the northern part of the
anticlockwise circuit may trap MLIW and bring across the Algerian Basin. Thus the
recent high resolution observations and model results from this paper change significantly
the classical point of view of Wust (1961) and Ovchinnikov (1966) about the circulation
in the Algerian basin, and demonstrate the crucial importance of the mesoscale variability
for the water mass pathways there.
In this section we use the Sea Level Anomaly (SLA) from the model and observations
to study the mesoscale processes responsible for the spreading of deep and intermedi-
ate waters in the Algerian Basin. The SLA satellite data are from the Mediterranean
Forecasting System observing system (see Pinardi et al., 2003), which are available since
January, 1999. The methodology of analysis of SLA data from Topex/Poseidon and ERS2
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sea level observations is described in Buongiorno-Nardelli et al. (2003). The model SLA is
computed from the sea surface height, which is computed diagnostically from the model
solution, and by subtracting the five years mean (1993-1997) model mean sea surface
height The available model simulations, without data assimilation of SLA are for the pe-
riod January 1, 1999 -.December 31, 1999. Thus the one year period of 1999 is used in
our analysis below.
The model SLA time-latitude diagram in Fig. 18 at the longitude of 6o. The evolution
of the cyclonic eddy C4, eastern of the Balearic Islands, is seen in Fig. 18 as a area
of SLA minima between latitudes 39o30′ − 40oN. It is present during the whole period
between January and October, 1999. In June - July the model indicates the development
of another cyclonic anomaly at latitudes 41o − 41o30′N. As discussed in section 3 this is
the period of mixed patch collapse and merging of eddy C4 with eddies formed by the
instability of the rim current. The merged cyclonic anomaly on Fig. 18, after October
1999, moves southward towards the Algerian Basin.
In Fig. 19 we show the SLA observations. They also indicate a cyclonic anomalies in
the area between 39o30′ − 40oN in April, which however moves fast southward already
before the beginning of May. Another intensification of cyclonic anomaly occur in the
late autumn and beginning of winter and again moves southward. The both cyclonic
anomalies, which form in April and October have smaller scales than that in the model
solution (Fig. 19). Beyond these differences, the crucial fact is that southward propagation
behavior is present in both the model and observational data sets.
In Figs. 20,21 we show the model results and observations in a longitude - time diagram
of SLA in the Northern part of the Algerian Basin. The both model and data indicate a
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regular westward propagation of both kinds of anomalies (cyclonic and anticyclonic) in the
northern part of the Algerian Basin and between longitudes of 3oE and 9oE. In the model
solution (Fig. 20) the westward propagation is present only during the period of time
from April to October at latitude of about The observations (Fig. 21) suggest westward
propagation of both kind of anomalies at latitude 38o30′N. The speed of propagation in
the both cases for the model and data is close to 2.75 km/day (or about 3 cm/sec). The
satellite and model data about the zonal propagation correspond well with the results
of Benzohra and Millot (1995) and Millot et al. (1997) who suggest that the mesoscale
eddies in the Algerian basin propagate following a cyclonic circuit, the northern part of
which propagates westward.
In conclusion we show in Fig. 22 the variability of the westward propagation with
depth for the model solution at 38o15′ N. Below the seasonal thermocline and at 120
m (Fig. 22a), 500 m (Fig. 22b), and 1500m (Fig. 22c) the variability is dominated
by a relatively strong westward propagation. The Fig. 20 also demonstrates the strong
decadal variability of the density of the intermediate and deep waters. As shown by
Demirov and Pinardi (2002) the Mediterranean Sea variability revealed a strong decadal
change after 1987. In Fig. 22 we can see that after 1989 the waters transported westward
in the Algerian Basin changed their characteristics. This change, which is induced by the
change in the characteristics of the outflow at intermediate and deep layer from the Gulf
of Lions and might have changed already the structure of the outflow at Gibraltar.
6. Discussions and conclusions
In this paper we presented the model results for the deep convection in the Gulf of Lions,
mesoscale variability in the WMED and waters masses spreading. We tray to answer two
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major questions a) what are the capabilities of the model to represent the features of these
processes known from previous studies, and b) what is the relatively role of everyone of
these processes on the formation of the conveyor belt in the WMED.
The analysis of the numerical results demonstrated that the model is capable to repre-
sent important features of the deep convection in the Gulf of Lions known from previous
data and model studies. These are the modifications of the water column characteristics
during the preconditioning phase, the violent mixing with different intensity depending
on the interannual variability of the surface heat and momentum forcing and postcon-
vective adjustment of the circulation in the area of mixed patch. We have studied three
cases of deep convection in the MEDOC area, that of 1987, 1992, and 1999, when the
intensity of the vertical mixing was different. In the model in 1987 and 1999 the deep
convection reached the bottom, while in 1992 the in the model solution it is just down
to 800m. Even though the model somehow tends to underestimate the deep convection
depth in 1992 with respect to the observations, we found that the model represents the
major features of interannual variability of the deep convection in MEDOC area. Thus
we have studied the third sinking and spreading phase of the deep convection for the three
cases: the years of 1987 and 1999 with relatively strong deep convection, and the year
1992 with convection down to intermediate layers. The comparison of the circulation dur-
ing these three cases suggests that circulation patterns differ significantly between years
with and without deep water formation in the Gulf of Lions. In particular the adjustment
processes to the changes in the density field after the formation of the mixed patch force
strong currents in the years with deep convection, which are not present in year 1992 with
relatively weak winter vertical mixing.
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The model results suggest that the mixed patch formed during the deep convection is
a stable feature, which persists in the period of several months after the deep convection
events. During this period it extends at intermediate and deep layers and related to it rim
current and mesoscale variability tend to intensify. This is not seen in the surface layer,
where the density anomalies created by the winter convection and the rim current tend to
weaken and disappear due to the spring waters restratification. This baroclinic structure
of the water column in the MEDOC area is unstable and in early summer the mixed
patch, which at that time is mainly present in the intermediate and deep layers, collapses
and splits in several cyclonic eddies. The cyclonic eddies in the south-eastern edge of
the MEDOC area tend to interact, intensify and merge into a single eddy, which traps
partly newly formed intermediate and deep waters and propagates towards the Algerian
Basin in late autumn. The rest of the cyclonic eddies remaining in the MEDOC area
tend to merge and enlarge. The density gradients and newly formed rim current however
are much weaker with respect to those immediately after the winter and thus the newly
formed area of deep and intermediate waters more stable.
This scenario of the WMDW and intermediate waters spreading is observed in the
years with deep convection (1987 and 1999) and is not present in the year, 1992 when the
convection reached just intermediate layers. It is present also in other years (not present
in this paper) when deep convection is observed in the model solution. A question one can
ask is whether this scenario is present also in observations. The answer may be given only
on the base of an analysis of in situ data about the thermohaline structure and velocity
in the water northern WMED for a relatively long period of several months and high
resolution. Such data set are not available presently to us. Thus we used only the surface
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SLA data to verify if the circulation patterns and mesoscale variability we have identified
in the model solution and related to the eddy transport of intermediate and deep water
masses are present also in the SLA observations for 1999. The satellite SLA data confirm
that cyclonic anomalies, which in the model solution are related to the collapse of the
mixed patch and propagation of cyclonic eddies outside MEDOC area, occur but in two
periods in April and in October. This behavior tends to persist and is observed also in the
SLA data (not shown here) during other years after 1999, when SLA data were available.
Additionally the mesoscale cyclonic anomalies in the data tend to have smaller scale than
that in the model solution. Thus the inter comparison of model with data suggests that
the circulation variability in the data similar to that observed in the model during the
mixed patch collapse and mesoscale eddies outflow from the Gulf of Lions, appear some
how faster already in April and at smaller scales. The study of the physical reason for
such difference between model and data is beyond the scopes of this study. We may just
speculate that the mixed patch in the model, which does not resolve the relatively small
scale mesoscale features observed in the data is somehow more persistent to the baroclinic
instability and thus it collapses only late in summer. The second intensification of cyclonic
anomalies in the MEDOC area and their southward propagation towards Algerian Basin,
which is observed in the data later in October, is presumably related to instability of the
current in the Gulf of Lions due to the intensification of the surface forcing in the late
autumn.
The model results presented in section 5 suggest that the southward propagation of the
mesoscale eddies out from the Gulf of Lions and westward propagation in the Algerian
Basin may have a strong impact on the spreading of intermediate and deep water masses.
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Thus we may consider the eddy mean component of the water mass transport as an
important part of the conveyor belt, additionally to the other known elements of the
thermohaline circulation, which as discussed in the introduction are composed by sub-
basin scale currents and gyres. This component, which we call eddy driven conveyor
may potentially give the answer to the two questions which are widely discussed in the
literature for the WMED: a) How MLIW propagate towards the Gibraltar if as show
the observations the ACC, which was thought to be the major ’transporter’ of MLIW in
the Algerian Basin, is not existing; b) What is the mechanism of the WMDW transport
towards to the Gibraltar. The eddy mean transport is the mechanism, which is regularly
present in the region and may bring effectively these waters outside the Gulf of Lions
and/or westward in the Algerian Basin.
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7. Figures captions
Figure 1. Scheme of the basin-scale circulation in the Mediterranean Sea (after Pinardi
and Massetti, 2000).
Figure 2. Bottom topography in the Algerian and Ligurian - Provencal basins.
Figure 3. Mean velocity and density distributions in the Gulf of Lions for the period
1-3 January, 1987 at a)50m; b) 500m; c) 1000m; d) 1800m.
Figure 4. Mean velocity and density distributions in the Gulf of Lions for the period
1-3 January, 1992 at a)50m; b) 500m; c) 1000m; d) 1800m.
Figure 5. Mean velocity and density distributions in the Gulf of Lions for the period
1-3 January, 1999 at a)50m; b) 500m; c) 1000m; d) 1800m.
Figure 6. Vertical section of the density along the longitude 5oE: a) 21-24 February,
1987; b) 19-21 February, 1992, c) 27-29 February.
Figure 7. Monthly mean horizontal distribution of density and velocity fields at 50 m
a) March, 1987; b) April, 1987; c) May 1987; d) June 1987; e) August 1987; f) October,
1987.
Figure 8. Monthly mean horizontal distribution of density and velocity fields at 50 m
a) March, 1992; b) April, 1992; c) May 1992; d) June 1992; e) August 1992; f) October,
1992.
Figure 9. Monthly mean horizontal distribution of density and velocity fields at 50 m
a) March, 1999; b) April, 1999; c) May 1999; d) June 1999; e) August 1999; f) October,
1999
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Figure 10. Monthly mean horizontal distribution of density and velocity fields at 500 m
a) March, 1987; b) April, 1987; c) May 1987; d) June 1987; e) August 1987; f) October,
1987.
Figure 11. Monthly mean horizontal distribution of density and velocity fields at 500 m
a) March, 1992; b) April, 1992; c) May 1992; d) June 1992; e) August 1992; f) October,
1992.
Figure 12. Monthly mean horizontal distribution of density and velocity fields at 500 m
a) March, 1999; b) April, 1999; c) May 1999; d) June 1999; e) August 1999; f) October,
1999
Figure 13. Monthly mean horizontal distribution of density and velocity fields at 1500
m a) March, 1987; b) April, 1987; c) May 1987; d) June 1987; e) August 1987; f) October,
1987.
Figure 14. Monthly mean horizontal distribution of density and velocity fields at 1500
m a) March, 1992; b) April, 1992; c) May 1992; d) June 1992; e) August 1992; f) October,
1992.
Figure 15. Monthly mean horizontal distribution of density and velocity fields at 1500
m a) March, 1999; b) April, 1999; c) May 1999; d) June 1999; e) August 1999; f) October,
1992
Figure 16. Horizontal distribution of temperature and velocity at 30 m in the Algerian
Basin in four different periods a) 27 - 30, July, 1997 ; b) 25-27 March, 1998; c) 5-9 May,
1998; d) 22 - 24 June, 1998.
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Figure 17. Horizontal distribution of salinity and velocity at 360 m in the Algerian
Basin a) 27 - 30, July, 1997; b) 25-27 March, 1998; c) 5-9 May, 1998; d) 22 - 24 June,
1998.
Figure 18. Time-latitude diagram of model SLA along 6oE
Figure 19. Time-latitude diagram of satellite SLA data along 6oE
Figure 20. Time-longitude diagram of model SLA along 38o15′N
Figure 21. Time-longitude diagram of satellite SLA data along 38o30′N. N
Figure 22. Time-longitude diagram along 38o15′N of model density at a) 120m; b) 500
m; c) 1500 m.
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